• Changes in responses of cardiac muscle are determined by their primary state of contractility which depends upon end diastolic ventricular pressure and fiber length, and by secondary influences that play upon myocardial contractility. 1 ' 2 The latter is determined by diverse environmental influences such as body temperature, 8 electrolyte balance, 4 arterial blood pH and pCO2, 5 l° neurohormones, 7 ' 8 drugs, 0 " 12 and through actions on the cardioregulatory system. 1 ' 13 Thus, the A'igor of ventricular contraction can be influenced by factors which primarily affect the contractility of the myocardium such as catecholamines, 7 or stimulation of sympathetic nerves."• 13> 14 The ventricular contraction may also be influenced through alteration of the relationship between the filling pressure and fiber length. 1 ' 2 Most anesthetic agents depress myocardial function in heart-lung preparations. 15 " 17 However, there is little evidence that haiothane (1, 1, 1 trifluoro -2, 2 bromochloroethane) depresses the myocardial function of the normal intact heart during surgical levels of anesthesia. It is difficult to assess cardiac performance during anesthesia because of the influence of surgery, preoperative sedation and the use of induction anesthetic agents. The responses of the heart to the anesthetic agent under these conditions may be complicated by a sympatho-adrenal discharge and changes of cardio-regulatory mechanisms due to the above factors.
The purpose of this investigation was to determine cardiac function in nonoperated. nonmedicated dogs under local anesthesia by means of ventricular function curves, tensiontime index per beat, left ventricular stroke power and mean rate of ejection; and to compare the observations obtained during the nonanesthetized state with those obtained during haiothane anesthesia.
Methods
Fifteen locally anesthetized, otherwise nonprpmedieated mongrel dogs (IS to 25 kg) were intubated with a cuffed endotracheal tube following the intravenous administration of succinyleholine chloride (40 mg), a neuromuscvtlar blocking agent. Succinyleholine chloride, 0.1% solution in 5% dextrose, was infused throughout the procedure (3 mg per kg per hour). Proeaine (1% solution) was administered for local anesthesia. Respiration was controlled with 100% oxygen by means of a volume-limited, pressurevariable respirator 18 with a non-rebreathing system and arterial blood gases were maintained within physiological levels.
Following local anesthesia, the femoral aiieries and veins were exposed and a right and left heart eatheterization was carried out under fluoroscopic control: via the right femoral vein, the distal opening of a double lumen Cournand cardiac catheter was inserted into the pulmonary artery with proximal opening residing in the right ventricle for measurement of pulmonary arterial and right ventricular end diastolic pressure. A second double lumen catheter was inserted into the left femoral artery with the distal opening positioned in the left atrium and the proximal opening residing in f hc left ventricle for the measurement of left ventricular end diastolic pressure. A single lumen catheter (U.S. catheter No. 6; 40 cm in length) was inserted into the ascending aorta through the right carotid artery for the measurement of aortic pressure. Positions of catheters were verified by pressure tracings and rechecked at autopsy upon conclusion of the experiment. A small rubber 63 64 SHIMOSATO, LI, ETSTEN balloon was attached to a polyethylene catheter and introduced into midesophagus to record intrapleural pressure for determining the effective ventricular filling pressure.
A polyethylene catheter was inserted into the right femoral artery for recording systemic arterial pressure and for collection of arterial blood samples. The cardiac output was determined by the indicator dilution technique, 19 ' 20> 21 using indoeyanine green dye* diluted in plasma. Three dye blood calibration points corresponding to concentrations of 10, 15 and 20 mg of dye per liter of blood were used in addition to one zero reference sample of blood containing no dye. The arterial blood was withdrawn to the cuvette of a Colson densitometer (Model 103) by a motor driven syringe at a rate of 0.9 ml per second. The response of the densitometer to an instantaneous change in density (neutral density filter) was 90% in 0.8 second. Fifteen to twenty milliliters of the blood withdrawn for each output determination were reinfused into the animal immediately after the completion of each output measurement.
Statham P23D and P23G pressure transducers were used to obtain ventricular, arterial and aortic pressures, and Model P23B for the esophageal pressure. Electrocardiograph lead II, systemic and pulmonary arterial, left and right ventricular, aortic and esophageal pressures were recorded simultaneously with the dye-dilution curve on a multi-channel Sanborn direct writing recorder at a paper speed of 1.0 mm per second. Paper speeds of 5 and 100 mm per second were used for recording the indicator dilution curve and end diastolic ventricular pressures. The pressures of the two ventricles were recorded at the diastolic portion (0-40 cm H 2 O). Mean systemic and pulmonary arterial pressures were obtained by electrical integration.
A reservoir containing the experimental animal's blood, collected ten days prior to the study and kept in ACD solution, was connected to a polyethylene catheter inserted into the right femoral vein. The blood was kept at a temperature of 37° C and was mixed continuously in the reservoir by a magnet stirrer. The rectal temperature of experimental animals was recorded and kept constant at 37° C. Increments of 50 to 100 ml of blood were infused at regular intervals to the right femoral vein. The cardiac output and the end diastolic ventricular pressures were obtained sixty seconds after each infusion. The right and left ventricular function curves were constructed by plotting the calculated stroke work in gramnietors of each ventricle against the effective filling pressure in cm H 2 O of the corresponding *Hynson, Westcott and Dunning, Inc. Baltimore 1. Maryland, Cardio-green.
ventricle. Tension-time index in mm Hg-sec was calculated from the area under the systolic portion of the aortic pressure pulse as described. 22 Left ventricular stroke power in watts was calculated by dividing left ventricular stroke work by the duration of systole. The duration of systole was measured as the time from abrupt pressure rise to the ineisural notch. 23 The mean rate of left ventricular ejection was calculated by dividing the stroke volume by the duration of ejection.
At the completion of each function curve determination, the total amount of infused blood minus the blood withdrawn for arterial gas analysis was withdrawn from the right femoral vein into the reservoir. After all pressures returned to the control level, a Model M II Fluotec vaporizer was fitted into the non-rebreathing system to produce various levels of sursricnl anesthesia. Halothane 0.5% was administered for thirty minutes to obtain a second series of ventricular function curves. This was repeated with 1.0%, 1.5% and 2.0% halothane at 90-minute intervals. Back control function curves were obtained after the animal had recovered from anesthesia. The influences of the effect of duration (8 hours) and succiuyleholine chloride infusion upon the ventricular function curves were determined in three dogs.
Arterial blood samples for the analysis of oxygen content, oxygen capacity, and total carbon dioxide content in plasma were taken during each function curve determination and measured by the manometrie method. 24 Arterial blood pH and pCO 2 were measured by means of a Sanz-Metrom capillary pH electrode and a Severinghaus pCOo electrode 25 using an Epsco Blood Parameter Analyzer. The pH meter was calibrated against three known buffer solutions (National Bureau of Standards) and had a minimal drift of 0.002 pH unit in thirty minutes.
Three weeks prior to the experiment A-V block was produced under pentobarbital anesthesia, in three dogs by injecting 0.5 ml of 10% formaldehyde into the A-V node. 20 A bipolar electrode was implanted in the right ventricle with the coaxial lead sutured to the external chest wall. Heart rate was controlled at the rate of 140 cycles per minute during the experiment.
CALCULATION
The slope and position of the initial linear portion of the curves were analyzed to evaluate the changes of the ventricular function curves.
The effective ventricular filling pressure in cm H 2 O, an independent variable, is expressed by x. The calculated stroke work in gram-meters, a dependent variable, is expressed by y. Two points, (xj, j 1 ; x 2 , y 2 ) were chosen on the initial linear portion of the curve and a straight line passing these two points was drawn. The straight line is expressed:
The slope of a ventricular function curve is defined as the chajige of the stroke work per unit of effective filling pressure. In considering only the linear portion of the curve, the slope was Circulation Research, Volume XII, January 19G8 calculated with the following formula and expressed in gin in/cm H 2 O:
Stroke work _Y 3 -Y 1 Slope ^^ --i. Unit of effective filling pressure X2 -X, The position "b" in which the straight line intercepts the y-axis was calculated as follows: 
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-57.7 -63.5 -24. Right V. In each experiment the slope of the control function curve refers to zero and the percentage changes in the slopes of the curves obtained during the administration of halothane, were calculated and averaged with respect to inspired concentrations of halothane. The y-intercept of the control function curve was considered as the zero point. The differences of the y-intercept of the control curve from those obtained during halothane anesthesia were calculated and averaged with respect to the inspired concentrations of halothane.
Results
I. VENTRICULAR FUNCTION CURVES IN HALOTHANE ANESTHESIA: HEART RATE NOT CONTROLLED Slope Changes
The mean per cent changes in slopes of the ventricular function curves were obtained from each pre-anesthetic control value ( fig.  1 ).
-, Halothane 0.5%: There was no discernible change in the slopes of left and right ven- tricular function curves ( fig. 2 ). The slope of the left ventricular function curve ranged from zero to -6% in four dogs. The slope of the right function curve ranged from +2 to -6% in four dogs (table 1). The mean per cent changes in slope were -3.3 on the left and -1.5 on the right ( fig. 1 and table 2 ).
Halothane 1.0%: Average reductions in slopes of the ventricular function curves were 13% on the left and 13% on the right ( fig.  1 ). The decrease of the slope of the left ventricular function curve ranged from 10 to 17%, and the decrease of the right ranged from 5 to 24% in three dogs (table 1) .
Halothane 1.5%: The slopes of the left ventricular function curves were reduced 50.6% in the left, and 53.6% in the right in five dogs. The decreases of slopes of the ventricular function curves ranged from 30 to 70% on the left and 39 to 71% on the right (table 1) .
Halothane 2.0%: The average per cent reductions of the slopes were 89% on the left and 81% on the right. The slopes of the left ventricular function curves ranged from -79 to -94% and slopes of the right ranged from -71 to -95% in three dogs ( fig. 2 and table 1).
MEAN
EJECT. RATE
Relation between the Inspired Concentration of Halothane and Slope Change
Depression of myocardial contractility was directly proportional to the inspired concentration of halothane. A significant linear relation was found between the percentage decrease in slope and the inspired concentration of halothane ( fig. 1 ). The correlation coefficients relating the percentage decrease in slope of the ventricular function curves to the halothane concentration were -0.94 on the left, and -0.94 on the right.
Position Change
The position in which the ventricular function curve intercepts the ordinate was determined. The average changes due to halothane refer to the difference from the control curve (table 1.). A positive change in position indicates the shift of the ventricular function curve to the right and a negative change indicates the shift to the left.
Halothane 0.5%: There was no significant shifting of the curves in either ventricle. The changes in position ranged from 0 to +5.7 on the left ventricular function curves and from +0.1 to +0.8 on the right (table 1). The mean changes in position of the left and right ventricular function curves were +5.0 and +0.4, respectively (table 2) . in three dogs were from +4.6 to +33.9 on the left and from +0.6 to +2.0 on the right. Halothane 1.5%: The mean changes in position were +.1.6 on the left and +0.6 on the right. The changes in position ranged from -33.4 to +29.1 on the left and from -1.1 to +2.1 on the right in five dogs (tables 1 and 2).
Halothane 2.0%: Changes in position ranged from -15.0 to +7.0 on the left and from -1.6 to +0.5 on the right in three dogs. The mean changes in position were -7.1 on the left and -0.3 on the right (tables 1 and 2).
II. VENTRICULAR FUNCTION CURVES IN HALOTHANE ANESTHESIA: HEART RATE CONTROLLED
The changes in slope and position of ventricular function curves during halothane anesthesia were similar to those obtained when the heart rate was not controlled ( fig.  3 and table 1) .
Slopes of the function curves during the control state were 5.30 on the left and 0.94 on the right (table 1). During 0.5% halothane anesthesia, the slope of the left ventric- ular ful~ction curve decreased 2% from the c o~~t r o l value without any change in position. There was no change in the slope of the right ventricular fiuiction curves. During 1.0% I~alothane the slopes decreased 43% fro111 tllc control value on the left and 11% on the right. With 2% halothane the slope mas dcpresscd 96% from the control value on tlic Irft and 713% on the right.
Ill. TENSION-TIME INDEX, VENTRICULAR STROKE POWER, DURATION O F EJECTION A N D M E A N RATE O F EJECTION: HALOTHANE ANESTHESIA
The plots of left ventricular elid diastolic pressure against left ventricular stroke power, tension-time index per beat, duration of ejection and mean rate of left ventricular ejection were obtained in fonr dogs ( fig. 4 ) . During 0.5% halotlia~le a~icstliesia, there was IIO change in either slope or position of tlic tension-time indes curves. The position of thc tension-time index cnrvc shifted to tlic right without any changc in slope during 1% halothane anesthesia. ' L' hc changes in slope and position of the tension-time indes curves during 1.5% and 2.0% Ilalothanc anesthesia werc similar to tliosc in ventricular function cnrves. The curves of the left -\.en tricular strokc power and mean rate of left ventricular eejection were depressed during 1.5% and 2.07$ halothane. The d u r a t i o~~ of ejection a t any given left ventricular elid diastolic pressure was not affected. Tlic stroke volu~lie was unchanged during halotllane ai~estliesia a t any given left ventricular end diastolic pressuw ( fig. 5 ) . 
V. ARTERIAL BLOOD pH, TOTAL CO,, pCOo, OXYGEN SATURATION, HEMATOCRIT, AND BODY TEMPERATURE
The values of these measurements obtained during halothane anesthesia were not significantly altered over the control values (tables 3 and 4) : arterial blood pH (+0.002, P > 0.5), total C0 2 (-0.1 mM/liter, P > 0.5), oxygen saturation (+3.0%, P > 0.2), hematocrit (-3%, I > > 0.2), and body temperature (0.1°C , V > 0.5).
Discussion
Decreased myoeardial contractility during halothane anesthesia may be due to a reduction of stroke work at a given end diastolic volume or fiber length. It was reported that ventricular contractile force measured by a Walton-Brodie strain gauge is also decreased during halothane anesthesia. 27 Direct meas-urement of ventricular contractile force has been demonstrated as a measure of concomitant change in ventricular stroke work.-" Thus, reduction of ventricular contractile force may indicate at least a portion of the ventricular stroke work is decreased at a given fiber length. The lowering of ventricular function curves during halothane anesthesia can be partly explained by this mechanism.
It has been shown that decreased myoeardial contractility can be caused by a decrease of the end diastolic volume or fiber length at a given ventricular filling pressure when the heart rate is sufficiently high to produce an alteration of diastolic filling. 1 The heart rate was not increased during halothane anesthesia. Therefore, the relationship between the ventricular end diastolic pressure and myoeardial segment length was not altered by this factor. Recent studies in dogs have demonstrated that the relationship between ventricular filling pressure and myoeardial segment length is not altered by humoral or neurogenic influences. Therefore, it is reasonable to state that ventricular extensibility is not altered by vagal and sympathetic influences during halothane anesthesia.
The term "slope of the ventricular function curve" refers to the ratio of external ventricular stroke work in gram-meters to a unit of ventricular end diastolic pressure in cm HoO and is obtained from the initial steep portion of the curve. Ventricular stroke work and ventricular filling pressure have nearly a one to one ratio in the steep-rise portion of the ventricular function curve, where ventricular stroke work is more readily augmented by a small change in filling pressure." The value of the slope becomes maximum in this linear portion of the curve. This part of the ventricular function curve corresponds to the sensitive part of the pressure-length curve, where a small change in filling pressure is associated with a large change in myoeardial fiber length. The change in slope indicates more precisely the degree to which the ventricle augments its external stroke work to myocardial fiber length. This concept of the changes in slope of the ventricular function .'.urves provides a method for evaluating the • hanges in myocardial contractility under various pharmaco-physiological conditions. Per cent changes of the slopes of the left itnd right ventricular function curves were i aversely related to the inspired eoncentra-1 ions of halothane ( fig. 1 ). Therefore, it is reasonable to state that the depression of myocardial contractility is direct!}7 proportional to inspired concentrations. Stirling et ;il. analyzed only the right ventricular function curve in thoracotomized dogs and found that it was lowered during halothane anesthesia. 9 Sarnoff and Berglund demonstrated that it is necessary to relate left A'entricular stroke work against left ventricular filling pressure and right ventricular stroke work to right ventricular filling pressure simultaneously. 7 Therefore, our findings differ from those of Stirling and his associates and show that halothane produces reduction of myocardial contractility bilaterally.
The tension-time index has been proposed as an index of the total pressure developed during contraction. 2 2 It was demonstrated that the increase of myocardial oxygen consumption which occurs at any mean aortic pressure with an increased cardiac output may be attributed to the increased total tension resulting from the increased mean systolic pressure and increased duration of systole. 22 Tension-time index was found to be the primary hemodynamic determinant of myocardial oxygen consumption at any given functional state of the heart. The analysis of the tension-time index per beat during halothane anesthesia revealed that the changes in this index paralleled the changes in the left ventricular stroke work at any given left ventricular end diastolic pressure (figs. 2 and 4). Therefore, the reduced myocardial contractility under halothane anesthesia is probably associated with a decreased myocardial oxygen consumption.
A dominant factor in causing a change in myocardial oxygen consumption is the change in ventricular stroke work resulting from pressure work. 22 -20 -30 The pressure work during halothane anesthesia is decreased but the volume work is not altered ( fig. 5 ). Since the decrease in myocardial qO? parallels the reduction in pressure work, it is likely that the mechanical efficiency of the heart is not impaired. This concept is based on the as-CirctiJatio v RfiRCarch., Vohtme XII, January sumption that the tension-time index is an adequate indicator of myocardial oxygen consumption under varying conditions. Direct depression of myocardial function by halothane anesthesia has been described in the canine heart-lung preparation 17 and isolated toad heart. :il There is considerable disagreement as to whether halothane depresses the myocardial function in the intact animal or man. 3 -" 3 "' The effect of an anesthetic agent upon the normal heart is probably complicated by the changes due to pre-operative sedation, induction agent, surgical procedures, electrolyte balance and tensions of arterial blood oxygen and carbon dioxide.' In the present study succinylcholine and a local anesthetic were the drugs used prior to the administration of halothane. The respiration was controlled to keep arterial blood gases within physiological levels. The constancy of tidal volume and respiratory frequency avoided any hemodynamic effect that might have been caused by changes related to the above factors. Therefore, it is reasonable to state that the observed changes in cardiac performance are related to halothane anesthesia.
A more likely cause for the lowering of myocardial contractility during halothane anesthesia would be the direct effect of the agent upon the heart through changes in myocardial oxygen consumption. This concept is based on the findings of a close correlation between changes in slopes of the ventricular function curves and inspired concentration of halothane ( fig. 1 ). It is also based on the accompanied proportional changes in the tension-time index (fig. 4 ). The probable causes for reduction of myocardial oxygen consumption may be due to one of, or combination of. the following factors: general reduction in body oxygen consumption, impairment of energy liberation or energy utilization of the heart. The former is indicated by a 15% to 20% reduction of body oxygen consumption with 1.5% halothane 3 -and may partly explain the reduced myocardial qO2. The fall of body oxygen consumption is not correlated with the inspired concentration of halothane. However, the myocardial qOs as indicated by the tension-time index is correlated with the inspired halothane concentrations. In support of this finding it has been shown that myocardial oxygen consumption is decreased in the isolated heart with the administration of halothane. 31 Evidence that halothane decreases ventricular contractile force in the presence of a constant coronary flow 27 suggests that the depression of myocardial function is not secondary to a decrease in coronary blood flow. Therefore, a decreased myocardial oxygen consumption is probably not due to a reduced supply of energy to the heart, but is related to the diminshed ability of the heart to convert the energy it receives into useful work.
Halothane produced an essentially identical decrease in the myocardial contractile force in normal animals, in animals with preganglionic sympathetic blockade, 27 and chronic denervation of the heart. 37 There is also evidence that the sympatho-adrenal response to hypercarbia is reduced. 3S In this respect halothane differs from other anesthetic agents such as diethyl-ether and cyclopropane in which the myocardial function is supported by an increase of catecholamines. 3 "'-3"' 3!) ' 4 " Thus, the sympathetic nervous system does not seem to play an important role in compensating for the depression of myocardial function during halothane anesthesia.
It is realized that succinylcholine may exert a nicotinic action 41 ' 4 2 and influence the cardiohemodynamics. However, the ventricular function curves obtained during infusion of succinylcholine were not altered over the period of eight hours ( fig. 6 ).
Tachycardia or bradyeardia may cause shifts of the ventricular function curves. 1 ' 43 Any myocardial depressant effects, therefore, could have been masked by the opposing effect of bradyeardia which occurs during halothane anesthesia. The results obtained in an experiment in which the heart rate was kept constant demonstrated that the degrees of depression of the ventricular function curves were approximately equal to those obtained 5. when the heart rate was not controlled (fig.  3 ) . The changes in arterial pH, pC02, anoxia and body temperature upon the ventricular function curves can also be excluded from e. the present study since these parameters were maintained at near physiological levels (tables 3 and 4).
Conclusion
The significance of this study is the preservation of the capacity of the heart to do work efficiently in the presence of the decreased myocardial contractility during halothane anesthesia. The ventricle produced less stroke work and less stroke power from any given end diastolic ventricular pressure, in-9. dicating a decrease in myocardial contractility. The tension-time index per beat was also reduced and the relationship of ventricular stroke work to tension-time index was linear.
The decrease of ventricular stroke work paralleled the decrease of tension-time index per beat in relation to the inspired concentrations of halothane. From these findings one can predict that the mechanical efficiency of the heart is not altered. The ventricles operate at different functional levels during various concentrations of halothane anesthesia in the presence of a decrease in myocardial contractility.
